A side-viewing, 2 mm diameter, surface magnifying chromoendoscopy (SMC)-optical coherence tomography (OCT) endoscope has been designed for simultaneous, non-destructive surface fluorescence visualization and cross-sectional imaging. We apply this endoscope to in vivo examination of mouse colon. A 30,000 element fiber bundle is combined with single mode fibers. The distal optics consist of a gradient-index lens and spacer to provide a magnification of 1 at a working distance of 1.58 mm in air, necessary to image the sample through a 0.23 mm thick outer glass envelope, and an aluminized right-angle prism fixed to the distal end of the GRIN lens assembly. The resulting 1:1 imaging system is capable of 3.9 µm lateral and 2.3 µm axial resolution in the OCT channel, and 125 lp/mm resolution across a 0.70 mm field of view in the SMC channel. The endoscope can perform high contrast crypt visualization, molecular imaging, and cross-sectional imaging of colon microstructure.
INTRODUCTION
Colonoscopy is the most commonly used technique for early detection of colorectal cancer, which is the third most common type of cancer in the United States. In 2012, it is estimated that colorectal cancer will be responsible for 9% of newly diagnosed cancers as well as cancer related deaths in men and women. While the 5-year survival is 90% when these cancers are detected at an early, localized stage, only 39% of patients are diagnosed early 1 . A need exists for rapid, non-destructive visualization of tissues in vivo, for clinical diagnostics as well as for scientific study, in order to make significant advances in the basic science of chemoprevention and chemotherapy.
Optical coherence tomography (OCT) is a non-invasive interferometric imaging technique capable of imaging up to 2 mm deep tissue, using backscattered near-infrared light from index of refraction mismatches, to create cross-sectional images 2, 3 . Recently, OCT has been used to image the human and mouse-which has shown to be an excellent model for the progression of colorectal adenomas-colon and rectum with micron-scale resolution 4, 5 .
We have previously constructed dual modality endoscopes that provide OCT information about tissue boundaries, structure, and thickness, as well as laser-induced fluorescence (LIF) spectra information about the biochemical composition of the tissue. These endoscopes can provide a heightened sensitivity and specificity to tumor detection when compared to either modality alone, though neither one of these techniques had the capability of visualizing the subtle alteration in mucosal crypt structure that signify the earliest stages of disease 6, 7 . OCT has sufficient resolution, but the innate contrast of the colon is too low. LIF imaging with exogenous contrast agents would supply sufficient contrast, but the resolution of our current endoscopes (> 200 µm) is too low.
Surface-magnifying chromoendoscopy (SMC) has been developed to visualize the surface vascular structure of the GI tract and has gained wide-ranging application for early detection of colorectal cancer and its precursors 8, 9 . It has also shown its ability to discriminate stained normal colonic crypt structure from aberrant crypt foci (ACF), which have recently been debated to be an early event in colorectal carcinogenesis 10 . Given the minimal evidence for either case, a large scale study is needed to investigate the correlation between the prevalence of ACF and the onset of colorectal neoplasia 10, 11 .
Combining SMC and OCT in one endoscopic system will allow the possibility for a large scale serial study to be done on the murine model, with SMC providing the surface visualization capability and OCT allowing the early detection of adenoma. We have designed a dual modality fluorescence-based SMC and OCT endoscope capable of resolving crypt structure in th OCT data an using an off-axis parabolic mirror (Edmund Optics, Barrington, NJ, USA) and dispersed with an 830 nm blaze holographic grating (Wasatch Photonics, Logan, UT, USA). 800-1000 nm wavelength light incident at 31° exits the grating at 26-43°, after which it is focused with a custom-built CCD-based spectrometer onto a 2048-pixel CCD array. Experimentally roll-off inherent to Fourier domain systems was measured as the signal drops by ~6 dB at 0.85 mm imaging depth in air.
ENDOSCOPE DESIGN

Colon Microscopy and Fiber Bundle
In order to determine the optical design requirements for the SMC modality, microscopic images had to first be taken to determine the resolution needed to visualize the mucosal crypt structure in the mouse colon. Ex vivo images of methylene blue-stained colon samples were compared against a USAF bar target at varying magnifications, as the crypt structure could be observed between 65-145 lp/mm resolutions. The resolution limit imposed on any coherent imaging system initially depends on the transfer function of the proximal optics. In the case of a fiber bundle-based SMC system, though the fiber bundle and distal optics assembly must be capable of sampling the tissue at a desired resolution, the proximal optics must also be capable of imaging the proximal face of fiber bundle as so that each core of the fiber bundle is sampled by at least 2 pixels in the vertical and horizontal directions on the CCD array, ensuring that the proximal system is not limiting the resolution capabilities of the endoscope. After choosing an acceptable focusing lens for the proximal setup, the spatial resolution limits of the fiber bundle can be assessed. For coherent fiber bundles, resolution of the system is limited by the core-to-core spacing of the individual fibers. For this application a 30,000 element, 0.72 mm clear aperture fiber bundle was selected with a core-tocore spacing of 4 µm (IGN-08/30, Sumitomo Electric USA, Torrance, CA, USA), allowing for a bare-fiber bundle imaging resolution of spatial frequencies based on twice this sampling rate: 8 µm or 125 lp/mm. Images taken of a USAF bar target below in Figure 3 confirm the imaging capabilities of the fiber bundle and proximal optics. 
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Optic assemb necessary to innately capa optics only n endoscopic i nature [14] [15] [16] distance. In practice, this is achieved by introducing a glass spacer of a length or OPL essential to achieve this working distance. To achieve a magnification of 1 at a working distance of 1.58 mm, a custom GRIN lens 1.8 mm in diameter based on the commercial GT-LFRL-180-025-50-CC lens (GRINTECH, Jena, Germany) was settled upon with a center index of refraction at 670 nm, n 0 =1.629, gradient constant, g~0.647, and length, l GRIN =5.41 mm, along with a BK7 spacer of the same diameter that had a length, l S =1.828 mm. While this distal optics assembly was theoretically capable of resolving 125 lp/mm, it is not uncommon for GRIN lensbased endoscopes to underachieve experimentally. One reason for this could be attributed to total internal reflection of emitted light from the circumference of the GRIN lens 17 . As fluorescence signal is isotropic, it was possible that emitted light could propagate back through the system at an angle allowing for its TIR, and subsequent collection at different individual fibers within the fiber bundle, increasing the background, and hence decreasing the signal-to-background ratio necessary to achieve high resolutions. As a result of this phenomenon an annulus with a clear aperture, CA=0.7 mm, and an outer diameter, d=1.8 mm, was added to the distal optic assembly between the GRIN lens and the right-angle prism, effectively decreasing the size of the entrance pupil to the GRIN lens and disallowing the possible TIR of emitted light
OCT Design
To combine the two modalities in the endoscope, OCT light which requires a focused NIR beam also had to be relayed from the proximal optics to the tissue. In general, with OCT utilizing a longer wavelength of light, and fibers with a smaller NA, the aforementioned GRIN assembly should provide for a deeper focal depth when compared to SMC light. In attempts to use the same distal optics for the two modalities, and with the fiber bundle occupying the inner diameter of the assembly, the effect of off-axis OCT fibers had to be modeled. GRIN lens-spacer assemblies have widely been used in on-axis, OCT-only endoscopes, but OCT fibers can be used successfully in an off-axis configuration. Using 780-HP fiber (Nufern, East Granby, CT, USA) with a cladding diameter of 125 µm to transmit the NIR light, fibers placements were modeled around the outer circumference of the fiber bundle cladding at a radial position, r=462.5 µm. It was observed that regardless of the fiber placement, all OCT light was unvignetted through the system, and focused inside the tissue. A tradeoff between focal depth and resolution was observed as fibers were modeled from the 12 o'clock position to the 3 o'clock position and further down to the 6 o'clock position. While fibers could theoretically be placed around the entire circumference of the fiber bundle, the 1:30, 4:30, 7:30, and 10:30 positions were chosen to have the best focal depth while still allowing for a diffraction-limited OCT spot size. These positions were also chosen as to help with the mechanical construction of the endoscope. 
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Dual Mo
Once the sys quality acros Figure 7 , the 6-5 and 7-1 elements were clearly resolved at four off-axis points in the image plane as well as the on-axis point, indicating a SMC imaging resolution between 102 and 128 lp/mm, respectively. For the OCT modality, an edge response method previously described in detail was used to calculate the experimental resolution of the constructed system 18, 19 . After an image was acquired across a known edge, Matlab was used to display the image and take an image profile across the edge as seen in Figure 9 . Using the image profile data, a sigmoid was then fit to the data, after which the fitted curve could now be differentiated to a line spread function (LSF), which is analogous to a linear array of point spread functions (PSFs). From this method, the FWHM lateral OCT resolution of the system was calculated to be about 4 µm. This, compared with theoretical values matches the 3.9 μm diffractionlimited spot with an 890 nm center-wavelength source.
Animal Imaging
Preliminary images were taken in the in vivo mouse colon. The mouse was first stained with 150 µL of a 267 mM solution of methylene blue (Thermo Fisher Scientific, Waltham, MA, USA), and incubated for 2 minutes. The colon was then flushed with PBS and imaged by the SMC-OCT endoscope. 100 ms integrations were taken for the SMC modality, while the OCT channel scanned 30 mm of the colon at a rate of 4000 A-scans/s. 
CONCLUSION
A dual modality SMC-OCT endoscope was built capable of resolving the surface mucosal crypt structure as well as the morphological structure of the in vivo mouse colon. SMC images are taken as excitation light was relayed from an epifluorescence proximal setup into the endoscope via a 30,000 element, 0.72 mm clear aperture fiber bundle. Distal optics were designed to ensure a 1:1 imaging system at a specific side-viewing working distance of 1.58 mm in air, resulting in an experimental SMC resolution of 102-128 lp/mm across a 0.70 mm field of view. OCT light was relayed into the endoscope through four separate single-mode fibers, placed symmetrically around the circumference of the fiber bundle. Utilizing the same distal optics, OCT light was focused 193 µm into the tissue with a diffraction-limited spot size and 70 µm depth of focus. Preliminary images were taken of the methylene blue-stained cotton. Experimentally, this endoscopic system will allow for the observation of the prevalence of ACF within the mouse colon, and monitor the possible onset of colorectal neoplasia in their early stages, allowing the possibility of a large scale serial study to be done on the murine model to correlate the two.
